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Review

2D Transition Metal Dichalcogenides-Based Electrocatalysts 
for Hydrogen Evolution Reaction

Aniruddha Mondal* and Alberto Vomiero*

Hydrogen is an efficient, clean, and economical energy source, owing to its 
huge energy density. Electrochemical water splitting is a potential candidate for 
inexpensive and eco-friendly hydrogen production. Recently, the development 
of 2D transition metal chalcogenides (TMDs) nanomaterials with a variety of 
physicochemical properties has shown their potential as eminent non-noble 
metal-based nanoscale electrocatalysts for hydrogen evolution. Nanostructuring 
such materials induces deep modification of their functionalities, compared to 
their bulk counterparts. High density of different types of exposed active sites 
is formed, and the small diffusion paths, which enhances the electron transfer 
in the 2D structures, can successfully aid the charge collection process in the 
electrocatalytic hydrogen evolution reactions. In this review, the key parameters 
to improve the catalyst performance of 2D TMDs in electrochemical hydrogen 
evolution reaction (HER) processes are discussed in detail and the most recent 
developments in the field are summarized, focusing on the improvement of the 
electrocatalytic activity of 2D TMDs. This review delivers deep insight for the 
clear understanding of the potential of 2D TMDs nanoscale materials as elec-
trocatalysts for HER, suggesting the development of new type of catalyst with 
efficient activity in HER as well as other renewable energy fields.

DOI: 10.1002/adfm.202208994

1. Introduction

The use of fossil fuels is one of the most critical issues in our 
society: because of their limited amount, as well as the poi-
soning of living systems with hazardous compounds caused 
by their use.[1] For this reason, it is very crucial to produce 
an emission free and sustainable substitute.[2,3] In preceding 
years, because of its exceptionally high energy density, H2 has 
emerged as a viable alternative energy resources.[4] Notably, 
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hydrogen has the maximum gravimetric 
energy density with lower heating value 
120 kJ g−2.[4–6] The H2 gas can be used in 
various industrial fields, including petro-
leum, fuels in general, methanol pro-
duction, catalytic hydrogenation, etc.[7–9] 
Consequently, hydrogen (H2) is a central 
materials among all energy resources, 
which can give a boost and enhance the 
economical and environment friendly 
prospect.[10–13]

For the above-mentioned reasons, it 
is crucial to establish a method for pro-
ducing hydrogen in a safe and large-scale 
plant. There are different ways for pro-
ducing hydrogen.[12] Three major tech-
nologies exist for H2 production: 1) coal 
gasification,[14] 2) water electrolysis,[15] 3) 
methane reforming.[16] The majority of 
hydrogen is generated by coal gasification 
and methane reforming, while only 4% 
is obtained through water electrolysis.[17] 
Current hydrogen production still heavily 
relies on fossil fuels, resulting in global 

warming and air pollution through exhaust gases. The use of 
an eco-friendly method to produce hydrogen is very impor-
tant to reduce the environmental impact.[18] Water electrolysis 
is the best option to minimize pollution. The most impor-
tant processes in the production of hydrogen from water is 
known as the electrocatalytic hydrogen evolution reaction 
(HER). Water electrolysis kinetics are very slow to produce 
Hydrogen fuel. Efficient catalysts are needed to accelerate the 
catalytic activity or kinetics of water electrolysis.[19] The most 
efficient metals are belonging to the precious metal platinum 
(Pt) group series and highly active catalyst toward the HER.  
However, the restricted abundance and unaffordable price 
of platinum (Pt) group metals have made them an expen-
sive investment, less expensive and readily available catalysts 
would be preferred to catalyze HER. 2D TMDs may serve as an 
excellent material testbed for electrocatalytic, optoelectronic, 
energy storage and conversion, photocatalysis, magneto resis-
tive, and thermoelectric device applications. In recent years, 
low cost transition metal-based nanostructures with different 
dimensions and shapes (e.g., 0D, 1D, 2D, and 3D) such as 
transition metal oxides (TMO),[20–22] transition metal chal-
cogenides (TMD),[23,24] transition metal carbides (TMC),[25] 
transition metal nitrides (TMN),[26] transition metal phos-
phides (TMP),[27,28] and transition metal selenides (TMS)[29] 
demonstrated their potential for catalytically active enhanced 
hydrogen production.

© 2022 The Authors. Advanced Functional Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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The catalytically efficient monolayers of TMDs are well 
performed nanostructured materials comprises potentials 
including metallic to insulating, which lead to the extensive 
applications, e.g., spintronics, optoelectronic, energy storage, 
electrocatalysis, heterogeneous catalysis, and photocatalysis 
etc.[30–36] Specifically, these materials have well potential as 
substitute to the noble metal-based catalysts in electrocatalytic 
hydrogen evolution reactions.[37] Among all the above-men-
tioned dimensional materials, 2D materials have a unique struc-
ture that makes them very appropriate for accomplishing the 
improved catalytic performance needed to tune the HER.[38,39] 
In the widely open atomic surface of 2D nanostructured mate-
rial, it is possible to optimize the quantity of active sites relative 
to the total number of atoms. In addition, surface modification 
of the 2D structure is an effective strategy to obtain high perfor-
mance in HER, and 2D materials have maximized exposed sur-
faces in form of basal planes.[28,40–46] Because of the distinctive 
properties of the 2D nanomaterials along with transition metal 
carbide and transition metal chalcogenides, numerous research 
efforts have been made to create effective 2D nanostructures 
toward electrocatalytic HER, mainly based on the fundamental 
mechanisms outlined in Scheme 1. Different approaches have 
been adopted including enhancement of electronic conduc-
tivity, increase of the density of active site of the catalyst and 
engineering of the catalyst at nanoscale level.[47,48]

In short, in Scheme 1a,c,f, nonmetal doping, metal doping, 
and defect chemistry have led to better electrocatalytic perfor-
mance than the undope counterpart. In Scheme 1b, a large area 
2D monolayer of metal chalcogenides with a large domain size, 
high thickness, uniformity, continuity, and good crystallinity 
was prepared using the CVD method; in Figure  1d, the inter-
facial engineering has shown a significant effect on the effi-
cient electrocatalytic hydrogen evolution reactions.[28,42,46,48–51] 
However, liquid exfoliation is a convenient, less expensive, and 
high yield strategy to get the single-layer 2D metal chalcoge-
nide materials for accelerated electrocatalytic HER reactions. 
However, the generation of strain and edges has also helped 
to improve the efficiency of the 2D metal chalcogenide-based 
materials for the HER process (see Scheme 1g,h).

As an example, increased density of active sites can be 
obtained by applying plasma treatment, using Ar plasma, thin 
MoS2 nanosheets layer by layer down to monolayer, increased 
density of exposed edges, and extensive defects.[52–59] In another 
point, different paths have been investigated for enhancement/
speed up the kinetics of the charge transfer processes owing 
to different architectural changes of the catalyst, including 
nanocomposites with highly conducting parts, doping of heter-
oatoms, strain in their basal plane, etc.[52–59,45–51]

In this article, to review the electrocatalytic HER activity of 
2D transition metal chalcogenide-based nanoscale materials, 
we extensively discussed their specific advantages and features. 
The critical points for further enhancement in electrocatalytic 
HER in this class of nanomaterials is discussed in detail. We 
also highlight the potential of Earth abundant and inexpensive 
2D materials for efficient HER. The aim of this review paper is 
to give an insightful view into the 2D nanoscale catalysts based 
on transition metal dichalcogenides for electrochemical HER 
and pinpoint the most promising research directions in the 
field.

2. Basic Feature of HER

In electrocatalytic water splitting is nothing but a thermody-
namically aided uphill strategy, whereas electricity is being used 
as a primary energy resource for water splitting. In Figure 1a, 
the two half reactions HER and OER occur at Cathode and 
Anode, respectively and requiring the overpotential with respect 
to their Thermodynamic values. The corresponding polariza-
tion curves and Tafel slopes for HER and OER process in the 
cathodic and anodic part. Several review papers summarize the 
basic features of HER in both acidic and alkaline mediums, 
Cathode and Anode part (in Figure  1b)[78–82] For the synthesis 
of highly efficient HER electrocatalysts, several key character-
istics are sought. The starting point is about the Gibbs free 
energy, which is tightly connected to the HER mechanism. Via 
electrocatalysis, H2 can be produced via two methods in acidic 
medium,[78,79,83–86]

The mechanism of electrocatalytic HER can be understood 
in terms of two main steps: i) the Volmer–Tafel step and ii) the 
Volmer–Heyrovsky step.

The first one is the Volmer Step, which includes the absorp-
tion of hydrogen on the catalyst surface by the simple blending 
of proton and electron:

H O e H H O3 ads 2+ = ++ −  (1)

Followed by a hydrogen evolution reaction:

2H Hads 2=  (2)

With the integration of two hydrogen atoms that have been 
adsorbed on the surface of a modified electrode, the H2 gas 
evolves. The adsorption pattern of the hydrogen atoms follows 
the Volmer–Tafel mechanism (shown in Figure  1c).[78,84,85,87,88] 
Additionally, the formation of hydrogen gas might be possible 
through the Volmer–Heyrovsky step:

H H O e H H Oads 3 2 2+ + = ++ −  (3)

The pre-adsorbed hydrogen atoms on the electrode surface 
associate with proton from the solution that formed H2 gas as 
bubble: this process is well known as Volmer–Heyrovsky mech-
anism, which is shown in Figure 1c. In several electrocatalytic 
system, the Heyrovsky and Tafel slope may occur together.[59,78] 
The “H” adsorbs in each and every step, so it is well acknowl-
edged that Gibbs free energy for hydrogen adsorption (GEH*) 
is considered as a representative parameter for electrocatalytic 
hydrogen evolution catalyst.

In general, a number of variables, e.g., exchange current 
density (J0), which is related to the Gibbs free energy of the 
individual catalytic system, are used to measure the electro-
catalytic reaction activity for HER(Figure  1c).[78,89] In volcano 
plot, the relationship between J0 and GEH* is reported. The 
platinum series metals are at the peak of the volcano plot.[90–92]  
Additionally, the adsorption energy for hydrogen is close 
to zero, which is indicative of their maximum catalytic per-
formances. In volcano plot, elements on the right side of Pt 
series have lower GEH*, which indicates that it is very hard 
to stabilize the intermediate phase and as a result hydrogen 
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adsorption would be ineffective. This leads to the unproduc-
tive adsorption of hydrogen on the surface. In addition, for 
left side metal group of the Pt group, the GEH* is quite high, 
which lead to the poisoning of the corresponding catalyst sur-
face, hence degrading the catalytic active surfaces. The GEH* 
can be used for the further evaluating non-metal catalytic sys-
tems. If we consider Molybdenum based materials, MoS2 has 
shown the very low GEH* value compared to Pt, which resulted 
in highly efficient HER electrocatalysts. that GEH* evaluation 
is accepted as a reliable criterion for identifying materials 
that are excellent electrocatalysts in the hydrogen evolution 
reaction.[78,93]

In a second point, highly efficient electrocatalysts are 
characterized by minimum overpotentials in electrochem-
ical hydrogen evolution reaction, reduced Tafel slop, and 
enhanced exchange current density in electro-catalytical water 
splitting.[94–97] Generally, four kinds of electrochemical reac-
tions happen during water splitting reaction. The production 
of hydrogen gas during water splitting requires an overpo-
tential greater than the potential value of 1.23  V (reversible 
electrolysis cell voltage), which is required in practice.[17] In 
electrochemical water splitting reaction, the thermodynamic 
potential is 1.23 V at room temp. (25 °C). But because of their 
kinetic barrier for water splitting reaction, it requires more 
potential compared to the thermodynamically potentials, i.e., 
1.23  V to cross the kinetic barrier. This additional potential 
is well known as the overpotentials (η), i.e., originated from 
their intrinsic activation barrier that existed on cathode and 

anode. So, it is critical to have an extra overpotential to accel-
erate electron transport in attempt to improve the high activa-
tion energies resulting from the diverse chemical intermedi-
ates on the modified electrode surfaces. If the modified elec-
trodes are subjected to a greater voltage, the water molecules 
that have attached themselves to the electrode surfaces break 
into hydrogen and oxygen at the cathode and anode, accord-
ingly. The corresponding overpotential is calculated as well as 
Tafel slope.[94] It is well recognized that the Tafel slope is a very 
significant critical point in determining the consistent current 
densities at a variety of overpotentials. In addition, it can be 
used extensively to assess the effectiveness of the electrocata-
lytic hydrogen production. Another vital parameter for kinetic 
studies, which is connected to the rate of electron transfer 
during hydrogen generation, is termed as exchange current 
density (j0).[96,97]In addition, in electrocatalytic hydrogen evo-
lution reaction, other features and experimental techniques 
are important to be considered, including polarization curves, 
overpotentials, Tafel slopes, electrochemical impedance spec-
troscopy (EIS), exchange current density (j0), chronoamperom-
etry/chronopotentiometry, cyclic voltammetry curves, faradaic 
efficiency, and turnover frequency. Consequently, a summary 
of the most important parameters, which are typically con-
sidered in the evaluation of catalytic activity for water split-
ting, are reported in Table 1, including the overpotential, Tafel 
slopes, exchange current densities of 2D based materials that 
demonstrate their huge potential in electrocatalytic hydrogen 
evolution.

Adv. Funct. Mater. 2022, 32, 2208994

Scheme 1. Different approaches for improving the catalytic performance of 2D TMDs for HER. a) Nonmetal doping (Reproduced with permission.[73] 
Copyright 2021, Elsevier). b) CVD assisted method (Reproduced with permission.[74] Copyright 2015, Royal Society of Chemistry). c) Metal Doping, 
d) Interfacial Engineering (Reproduced with permission.[75] Copyright 2011, Royal Society of Chemistry). e) Via Liquid Exfoliation (Reproduced with 
permission.[76] Copyright 2011, Degruyter). f) Defects (Reproduced with permission.[76] Copyright 2017, American Chemical Society). g) Edges, and  
h) Strain (Reproduced with permission.[77] Copyright 2011, American Physical Society).
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3. Impact of 2D TMDs nanoscale materials  
in HER

For the assessment of the catalyst for hydrogen generation, 
2D nanostructured materials have drawn a great attention 
as a well capable electrocatalyst in electrocatalytic HER than 
1D and 3D category of electrocatalyst. Numerous parameters 
are important, such as atomic level thickness plane, high 
surface area, edge effects, topological effects, short ion diffu-
sion distance, alleviated restacking, efficient charge transfer, 
and abundant active sites, which could be a diverse advantage 
in favor of HER.[40,42,154–157,43,44,46,47,89,90,152,153] Bulk 2D based 
materials can be straightforwardly exfoliated into atomically 
thin layer sheet, including single and/or double layer, owing 
to the presence of weak van der Waals force between the 
layers, which can be easily separated with minimum efforts 
depending on their different physicochemical properties such 
as density, conductivity, corrosion resistance, melting point, 
and chemical stability.[12,40,154,155,157,42–44,47,87,89,90,152] In case 
of transition metal based chalcogen materials, the transition 
metal atoms and chalcogen atoms would be exposed in their 
top position of the materials where electrolyte can access the 
active surface easily.

For this, Bonde et  al. have effectively calculated the free 
energy on the edges of Molybdenum (Mo) and Sulphur (S) 
atoms in MoS2.[158] Later, Nørskov et  al. improved the corre-
sponding values even more.[159] The finding has demonstrated 
that the reactive part is found in Sulphur (S) and Molybdenum 
(Mo) edges, with Mo edges having a lower GEH* value. There-
fore, several catalytic sites are possible in atomically thin facet. 
Furthermore, the large surface area of the 2D based nanoma-
terials can act as perfect platform to combine with other mate-
rials to form super active nanocomposites. Additionally, to 
generate surface defects,[160] strain and different heteroatom, 
doping could be a unique way to activate and optimize the 
catalyst toward higher HER activities. Finally, such a perfect 
system with a small dimension is advantageous for researchers 
since it allows them to investigate and detect the best catalytic 
mechanism.

In the meantime, 2D materials could be a great model to 
show or set up a solid assembly with the open active sites along 
with the electrocatalytic activity of hydrogen evolution reaction. 
Even though, the 2D based electrocatalyst are considered as an 
excellent material for HER, However, their efficacy remains 
inferior to that of Pt-based materials in terms of effectiveness. 
The primary reason is due to the minimum access of different 

Adv. Funct. Mater. 2022, 32, 2208994

Figure 1. a) Polarization curves of two kinds of electrochemical reactions (Reproduced with permission.[98] Copyright 2019, American Chemical 
Society). b) Diagrammatic view of the electrolyzer, c) Two types of mechanisms of hydrogen evolution in acidic media (Reproduced with permission.[99]  
Copyright 2014, Royal Society of Chemistry). The volcano plot of exchange current densities against DGH (Reproduced with permission.[91] Copyright 
2017, Taylor & Francis).
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Table 1. Comparison of the catalytic performances of different types of emerging 2D TMDs in HER.

Materials Electrolyte Current density 
[mA cm−2]

Exchange current density 
[mA cm−2]

Overpotential  
[mV]

Tafel slope  
[mV dec−1]

Reference

Co0.85Se/graphene 0.5 M H2SO4 10 – 250 41.8 [100]

MoS2 0.5 M H2SO4 10 126.5 300 55 [101]

vanadium doped WS2 0.5 M H2SO4 10 0.33 148 71 [102]

MoS2 0.5 M H2SO4 10 – 170 60 [103]

Mo1–xNbxSe2 0.5 M H2SO4 10 – 140 46 [104]

MoS2 0.5 M H2SO4 100 – – 60 [105]

MoS2 0.5 M H2SO4 10 0.6 × 10−4 – 140 [58]

Ni0.85Se/MoSe2 1 M KOH 10 – 108 77 [106]

MoS2 0.5 M H2SO4 10 3.81 × 10−2 300 61 [107]

MoS2 0.5 M H2SO4 10 3.89 × 10−2 – 68 [108]

ReSe2@rGO 0.5 M H2SO4 10 – 145 40.7 [109]

MoS2 0.5 M H2SO4 10 – 118 46 [110]

Cu2S 1.0 M KOH 10 – 125 44.8 [111]

MoS2 0.5 M H2SO4 10 2.45 × 10−2 100 73 [112]

MoS2 0.5 M H2SO4 10 1.58 × 10−2 153 43 [113]

Co9S8 0.5 M H2SO4 10 – 149 70 [114]

MoS2 0.5 M H2SO4 3–44 – – 100–150 [115]

MoS2 0.5 M H2SO4 10 – 78 53 [116]

MoS2 0.5 M H2SO4 10 – 200 40 [117]

Rh–Rh3Se4/C 0.5 M H2SO4 10 – 32 50 [118]

V-doped MoS2 1 M H2SO4 10 – 130 69 [119]

MoS2@OMC 0.5 M H2SO4 10 – 178 60 [120]

NiS@MoS2 1.0 M KOH 10 – 208 62.4 [121]

MoS2/CA 0.5 M H2SO4 10 1.72 150 59 [122]

ReS2 0.5 M H2SO4 10 – 142 64 [123]

VS2 0.5 M H2SO4 10 – – 159 [124]

CoS2 0.5 M H2SO4 10 197 29.9 [125]

TaS2 0.5 M H2SO4 10 – 200 135 [52]

FeS2 0.5 M H2SO4 10 1.44 × 10−4 217 56.4 [126]

MoS2/graphene 0.5 M H2SO4 10 – 143 64 [127]

MoSe2 0.5 M H2SO4 10 – 179 78 [128]

MoSe2 0.5 M H2SO4 10 – – 62 [129]

V-doped MoS2 1 M H2SO4 10 – 130 69 [119]

MoS2@OMC 0.5 M H2SO4 10 – 178 60 [120]

Ni3S2-NiS 1.0 M KOH 10 – 141 75 [130]

VS2 0.5 M H2SO4 10 – – 159 [124]

WS2 0.5 M H2SO4 10 – 130 mV 45 [131]

TaS2, TaSe2 0.5 M H2SO4 10 – 120 – [132]

MoS2@FePS3 0.5 M H2SO4 10 0.43 168 127 [133]

MoSe2 0.5 M H2SO4 10 0.36 102 53 [134]

MoSe2 0.5 M H2SO4 10 – – 101 [135]

MoSe2-ts@MoS2-ts 0.5 M H2SO4 10 – 186 71 [136]

MoSe2 0.5 M H2SO4 10 2.11 × 10−2 182 69 [137]

MoSe2 0.5 M H2SO4 10 – 150 80 [138]

CoS2/CoSe@C 0.5 M H2SO4 10 – 164 42 [139]

MoSe2 0.5 M H2SO4 10 3.8 × 10−4 250 59.8 [140]
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active sites, inert basal planes, and less conductivity which 
are mainly responsible for the less active electrocatalytic HER 
process.

Different approaches have been taken to get 2D based  
nanomaterials as catalyst with enhanced catalytic activity in 
electrocatalytic HER. In case of HER system, the two main 
parameters which favor hydrogen evolution are the enhanced 
charge transfer and the materials’ inherent catalytic activity. 
Since the motivating and manipulating surface of 2D nano-
structured materials, numerous approaches have been 
employed relating to two key core features, i.e., cumulative 
dynamic sites, enhanced electrical conductivity, and enhanced 
electrocatalytic results in HER, which is revealed in Scheme 1. 
Owing to that, we will discuss the different paths and strategies 
for improving the electrocatalytic HER activity with modified 
2D nanostructured materials as efficient electrocatalyst 141, 142, 
161, 162 (Figure 2).

4. Different Synthetic Strategy for Efficient HER

In general, inherent enhanced catalytic performances and the 
ample active sites are key important point for efficient catalysis 
in electrocatalytic hydrogen evolution reaction. Relative to the 
bulk part, a primary benefit of the 2D nanostructured mate-
rials are the catalytic active sites in the atomic level nanosheets, 
which is appropriately exposed, e.g., in ultrathin metal chal-
cogenide-based nanoscale materials, generally the most active 
sites are originated from their metal edges (Mo from MoS2) 
or non-metal edges (S from MoS2), so very thin layer could 
be a game changer for their opening of exposed active edges 
or sites, which was rooted in their bulk phases.[163–166] Owing 
to their exposed edges as an active site in their inert basal 
plane, it is highly important to control the way the edge sites 
are exposed and to be able to selectively create exposed edges 
and defect engineering which have been involved to modify the 
HER activity.[167–169]

The literature survey revealed that exposed edges and defect 
sites can be controllable experimentally even at atomic level 
of the 2D based TMDs. The synthesis and investigation of the 

nanoscale materials and to creating the active basal plane of 2D 
TMDs are still challenging. The next section describes the dif-
ferent approaches to the synthesis of 2D TMDs, which can be 
carried out through both top-down and bottom-up techniques.

4.1. Bottom-Up

An alternative approach is the bottom-up method, which has the 
potential of creating less waste to be more economical. Bottom-
up techniques are a potential alternative for the synthesis and 
fabrication of low dimensional materials (in Figure 3b).

In contrast to top-down processes, bottom-up approaches 
have many advantages such as ultra-fine nanoparticles, con-
trolled size and shape including nano-shells, and nanotubes 
etc., different synthetic parameter which can be controlled and 
have controlled to narrow size distribution and less expen-
sive.[171–175] In order to further understand their exceptional 
physicochemical properties, it is well implemented in different 
novel areas including electrocatalysis, energy storage, and solar 
cells, it is necessary to develop novel growth models and char-
acterization methodologies. Crucial approaches for creation of 
thin layers may be divided into several categories including 
exfoliation of the bulk materials. Due the less strong van der 
Waals force in between the layers in bulk 2D materials of tran-
sition metal chalcogenide, exfoliation processes may be applied 
to get ultrathin nanosheets. However, because of the complica-
tion of the electrocatalytic reaction in alkaline and acidic con-
ditions, the mechanism of HER is sometimes unclear. Direct 
CVD growth may also be utilized to create TMDs with var-
ious layers, which aids in the investigation of layer-dependent  
mechanisms in electrocatalysis.

The appearance of exfoliated and CVD produced MoS2 mon-
olayers is vastly different. The CVD material has a substantially 
stronger PL than the exfoliated material, and the mode locations 
in its Raman spectra are notably different from those of the exfo-
liated material. As a result, the conventional approach for deter-
mining the number of layers, as published by Lee et  al.[176–179]  
and based on exfoliated samples, does not yield quantitatively 
accurate results for MoS2 generated by CVD in this study. The 

Adv. Funct. Mater. 2022, 32, 2208994

Materials Electrolyte Current density 
[mA cm−2]

Exchange current density 
[mA cm−2]

Overpotential  
[mV]

Tafel slope  
[mV dec−1]

Reference

MoS2 0.5 M H2SO4 10 2.63 × 10−3 151 39 [141]

MoS2 0.5 M H2SO4 10 – 284 97 [142]

MoSe2-NiSe@carbon 0.5 M H2SO4 10 – 154 76.3 [143]

MoS2/Ni3S2 1 M KOH mV 10 – −110 83.1 [144]

MoS2-WS2 0.5 M H2SO4 10 – −129 72 [145]

Co3S4@MoS2 0.5 M H2SO4 10 – 210 mV 88 [146]

MoS2 0.5 M H2SO4 10 – 165 55 [147]

Fe1−xCoxSe2/RGO 0.5 M H2SO4 10 6 × 10−4 166 36 [148]

MoS2/MoO2 0.5 M H2SO4 10 – 300 35.6 [149]

Mn-doped CoSe2 0.5 M H2SO4 10 6.83 × 10−2 174 36 [150]

CoSe2/MoSe2 0.5 M H2SO4 10 – 218 76 [151]

Fe1−xCoxSe2/RGO 0.5 M H2SO4 10 6 × 10−4 166 36 [148]

Table 1. Continued.
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following conclusions can be taken from our spectroscopic 
observations for different strain and doping values: When com-
pared to exfoliated MoS2, CVD produced MoS2 looks to be more 
strained and less n-doped in comparison. According to the  
literature, the threshold voltage of CVD MoS2 based field effect 

transistors tends to be higher than that of transistors based on 
exfoliated MoS2, which is consistent with these findings. Chem-
ical vapor deposition is one of the most promising ways to meet 
these needs including defect and strain. Also discovered is that 
CVD operations using MoO3 as a precursor often result in  

Adv. Funct. Mater. 2022, 32, 2208994

Figure 3. Schematic diagram of the a) Top down and b) Bottom-Up methods.

Figure 2. a, b) Structures of TMDs. (Reproduced with permission.[161] Copyright 2019, Nature Publishing Group). Schematic representations 
of a typical TMD structure with trigonal prismatic c) Coordination from c- axis (upper) and section view (middle). (Reproduced with permis-
sion.[141] Copyright 2013, Nature Publishing Group, d) (Reproduced with permission.[142] Copyright 2012, Nature Publishing Group), and e) schematic  
illustration for the advantages of 2D TMDs as the electrocatalyst (Reproduced with permission.[162] Copyright 2019, Nature Publishing Group).
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samples with a significantly greater range in terms of strain/defect  
density values than processes using other precursors. This 
demonstrates the superiority of the ammonium heptamolyb-
date precursor for the CVD development of MoS2 and leads us 
to anticipate that, if the correct precursor can be found, a wide 
range of other 2D TMDCs may be produced with a similar level 
of quality.[176] From the above points, a conclusion can be drawn 
that CVD grown TMD with multiple layers will help to find out 
the thin layer dependent in HER mechanism. In other hand, 
some other methods are employed to get few layers TMD, e.g., 
template assisted, ball milling strategy, and spray drying etc. In 
the next, we will debate on these processes to get more active 
sites for efficient electrocatalysis.

4.2. Top-Down

Top-down strategies initiate breakdown of the bulk mate-
rials into nanoscale size structures. For example, in top-down 
approaches different types of etching, intercalation, and direct 
pattering has been used to prepare 2D TMD nanoscale mate-
rials with different physicochemical properties. Details can 
be found in the exhaustive review by Stanford et  al.[170] As an 
example, using top-down approach 50  nm nanoribbon widths 
from its 2D TMDs, however it has significant challenges with 
this technique. At the time of Top-down processing, due to the 
etching processes at liquid and gas phase of the nanocrystals 
has been exaggerated towards the quality of crystal edges and 
basal planes.[171–173]

Top-down approaches primarily consist of two methods: 
mechanical exfoliation and chemical exfoliation (in Figure 3a). 
In mechanical exfoliation, a monolayer or few layers can be 
exfoliated from the bulk 2D materials by using adhesive tape; 
generally, it is well known as the “Scotch tape” method. Using 
this strategy, many bulk 2D materials have been synthesized, 
such as boron nitride, graphene, metal chalcogenides, etc., 
as well as monolayers and few layers of 2D other materials, 
including metal chalcogenides. The synthesized 2D metal chal-
cogenides have shown excellent crystallinity and well-defined 
surfaces, which have prompted them for further fundamental 
research. The main drawback of this strategy is its low yield, 
which restricts large-scale production and further applications. 
The conventional method of mechanical exfoliation using 
Scotch tape consists of two steps.

The following two steps are

1) The primary action is to thin the bulky items, which were 
taped together using Scotch tape to reduce their size and 
continually removing them until the thick, bulky items are 
reduced in size to some degree.

2) The second step is to move the flaky exfoliant from the tape to 
the surface of a substrate by adhering tape to the substrate’s 
surface.

Once the flakes are transferred, optical examination is uti-
lized to determine their size and to select appropriate flakes for 
full characterization and device fabrication.

In chemical exfoliation, the main concept is to break 
the weak van der Waals force between the layers. Different 

processes, like chemical-mechanical, chemical-thermal, and 
purely chemical, have been used to get single layers or few 
layers of 2D materials. In chemical exfoliation, most of the reac-
tions take place in liquid. Chemical exfoliation has been used to 
produce a wide range of materials, including graphene, metal 
oxides, boron nitride, clays, metal hydroxides, and transition 
metal chalcogenides. There are two types of chemical exfolia-
tion that have occurred during chemical exfoliation: ion interca-
lated and solvent aided. Colman et al. have proposed a unique 
way for solvent-assisted exfoliation processes to separate the 
MoS2, MoTe2, BN, Bi2Te3, etc.-based 2D materials from their 
bulk counterparts via the use of organic solvents (e.g., N-methyl 
pyrrolidone (NMP)). Another way is application of chemical 
and physical etching, whereas etching strategy is a very efficient 
top-down one to control the 2D materials (e.g., MoS2) struc-
ture at their atomic level, along with the creation of fresh edges 
and pores. Many etching strategies have been used, including 
Ar+ plasma, AFM tip, laser methods are physical processes. 
In chemical methods, HNO3, Cl−, and O2 have been used for 
reduced size and thin layer materials. Though, these strategies 
are mostly costly and hard to use. In addition, the chemicals 
involved in these processes may produce not uniform struc-
tures, other side products and contaminated materials, which 
will inhibit their further practical implementation. To minimize 
such issues, Zhang et al. have successfully exfoliated 2D MoS2, 
a promising electrocatalyst for efficient electrocatalytic HER. 
In this approach, MoS2 has been synthesized using sodium 
hypochlorite solution through anisotropic etching. Using this 
strategy, a defect free 2D MoS2 with armchair architecture and 
uniform triangle pits are formed. The HER activity of the opti-
mized MoS2 catalyst has shown excellent HER performances, 
with an overpotential of 0.34  V and smaller Tafel slopes than 
other samples (such as O2 plasma treated MoS2) owing to their 
enhanced active sites.[47]

4.3. CVD Methods

Exfoliation approaches are applied to obtain thin layer 
nanosheets from their bulk counterpart of TMD based mate-
rials. For instance, in MoS2, more active sites have been 
revealed, which could be playing a key role to promote their 
electrocatalytic performances in HER. These methods have 
some drawbacks, including non-uniform number of layers, 
inhomogeneous size, and their complicated surface textures, 
which does not allow a full understanding of the basic mecha-
nism for HER. The CVD method, which is best known for its 
controllable approach for fabrication of 2D materials, is broadly 
used to grow uniform ultrathin catalysts. CVD is able to deliver 
a very simple and well-controlled system for the systematic 
investigation of HER mechanism, including active sites and 
their catalytic action. Recently, Cao et al.[58] established a path, 
i.e., dependence of HER on the number of nanosheet layers in 
MoS2 grown via CVD on glassy carbon surface. The catalytic 
activity of the layered materials is related on their number of 
layers, as shown in Figure 4a, as a result of the layer dependence 
of the exchange current density (j0). In fact, the catalytic perfor-
mances of thin layer MoS2 in HER increases by increasing their 
number of layers (Figure 4a). The charge transfer process was 

Adv. Funct. Mater. 2022, 32, 2208994
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simulated for gaining a clear concept of the electrocatalytic pro-
cess occurring on the electrode surface. The quantum tunnel-
ling simulation for the electron transfer progress is reported in 
Figure 4a: when we observe on vertical direction of nanosheet 
layers, there is strong link between the exchange current den-
sity and the number of layers. The flowing electrons must pass 
through the working electrode to the external surface layer of 
the MoS2 nanosheet to start the electrocatalytic HER. From this 
concept, it can be confirmed that the electrocatalytic HER hap-
pens only on the surface of the MoS2. One good example, of 
the MoS2 growth on Au surface over a low-pressure CVD was 
applied to obtain a single thin layer MoS2 with homogeneous 
distribution (Figure  4b).[107] The triangular shape of MoS2 on 
Au surface has been compared in Figure  4b. The single layer 
MoS2 nanosheet with maximum coverage has shown the 
minimum overpotentials and it presented a high current den-
sity at 300  mV overpotentials, i.e., 25 times higher catalytic 
activity than their bulk counterpart. Mainly, the edge length of 
the single layer MoS2 materials can be altered form their bulk 
size (micrometer size to nanometer size) by changing their 
synthetic parameters including the temperature of the reaction 
conditions, and the minimum gap between the substrate and 
the electrode surface and the precursor source. Owing to that, 
a direct linear connection exists between the exchange current 
density and the edge length of MoS2 crystals: this demonstrates 
that the electrocatalytic HER activity can be strongly endorsed 
with additional increase of the active sites. The growth of MoS2 
on gold surface is an effective strategy to obtained single layer 
electrocatalyst with rich active sites but it is not economical. 
Additionally, the strength of the MoS2 grown on Au is restricted 
because of the week interface cohesion between the grown 
catalyst and the conducting substrate. As we have mentioned 
earlier, to get highly rich active sites, ultrathin layer catalysts 
are needed, which can be grown through CVD. This strategy  

represents a competent way for cultivating catalytic perfor-
mances, which can be of help to probe the mechanism in elec-
trocatalytic HER. Recently, Yuan et  al. have fabricated CVD 
assisted of layered transition-metal dichalcogenides (TMDs) 
CrS2–Cr1/3–CrS2 with excellent HER activity. With the CVD 
technique, to overcome the interlayer potential barrier of 
TMDs, CrS2–Cr–CrS2 is produced by simple self-intercalating 
Cr atomic plane in between the van der Waals layers of CrS2, 
whereas the CrS2–Cr–CrS2 has shown strong chemical bonds 
along with improved conductivity, which is further accelerating 
the excellent electrocatalytic HER performances (in Figure 4c). 
The CrS2–Cr–CrS2 achieved a lower overpotentials value of 
151 mV compared to the CrS2 which is 260 mV at current den-
sity of 10 mA cm−2.[185]

4.4. Liquid Exfoliation

Liquid exfoliation of the bulk materials is a technique to obtain 
large scale production of atomic scale thin layer nanosheets. 
Due to that, multiple methods have been employed to get 
very thin layer nanosheet. Regarding this, the electrochemical 
lithium insertion processes to get 2D nano sheets from their 
bulk counterpart has been extensively implemented. Chhowalla 
et  al.[180] described the creation of monolayer of metal chalcoge-
nide (WS2) nanosheets for fastening the HER processes at min-
imum overpotentials through Li insertion into WS2 materials. 
After intercalation with Li ion, the lateral dimension of these 
thin layer nanosheets decreased into the range 100–800  nm  
and their thickness were found to be around 1 nm only. These 
dimensions eased the creation of as much as active sites. 
Equally, such as very thin layer or monolayer of TiS2 and TaS2, 
using lithium intercalation, have shown more effective electro 
catalytic activity compared to their bulk counterparts. Diverse 

Adv. Funct. Mater. 2022, 32, 2208994

Figure 4. a) Schematic view of electrons hopping along the vertical direction in MoS2 layers and polarization curves (Reproduced with permission.[45] 
Copyright 2014, American Chemical Society). b) Schematic diagram describing the edges of single layer MoS2 acting as the active sites for catalyzing 
HER, scanning electron microscope (SEM) of the as-grown monolayer MoS2 on Au substrates polarization curves (Reproduced with permission.[93] 
Copyright 2014, American Chemical Society). c) Schematic and self-intercalation diagram and polarization curves (Reproduced with permission.[160] 
Copyright 2021, American Chemical Society).
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intercalation technique will give different density of active sites, 
which is instigated from the consequent various thin layers 
and sizes. Pumera et al.[181] demonstrated that three alternative 
organolithium compounds, such as n-butyllithium (n-Bu-Li), 
tert-butyllithium (t-Bu-Li), and methyllithium (Me-Li) can be 
successfully applied for the split-up of bulk MoS2 (Figure 5a–c).  
It is shown that, using n-Bu-Li and t-Bu-Li improved perfor-
mances are obtained compared to the Me-Li. Specifically, when 
inserted with comparatively large size of organic molecules, 
the MoS2 nanosheets has shown outstanding results toward 
HER. The key reason behind this excellent activity is the 
larger organic molecules, which are more stable and possibly 
will enable the intercalation of lithium ion. This has resulted 
in a reduction in the number of layers of the exfoliated MoS2 
nanosheet. Very recently, there have been reports of liquid exfo-
liation without the use of Li ions. Kim et al.[182] has shown few 
layers of TiS2, TaS2, MoS2, and WS2 nanosheets (Figure 5d–e) 
using simple ultrasonication. From the polarization curves and 
Tafel slopes (Figure 5f), it is clearly indicated the changes of the 
HER performances between bulk MoS2 and single layer MoS2. 
In order to enhance the maximum exposed active sites, com-
pact size of the single layer nanosheet of 2D materials could 
enhance the specific surface area, which lead to the enhanced 
HER performances. Very recently, Meerbach et  al.[183] has 
designed a general synthetic route to fabricate transition-metal 
disulphide nanomaterials as electrocatalysts for HER. Precisely, 

the group has successfully synthesized different 2D materials 
without any organic ligand, e.g., VS2, NiS, FeS, and MoS2. Due 
to the number of innovative synthesis approach has possessed 
several advantages, like good reproducibility, yields, scalable 
processes, mild reaction conditions, and thermal treatment to 
increase the electrocatalytic efficiency of metal dichalcogenides. 
In case of Molybdenum disulfide nanosheets to increase the 
electrocatalytic activity of HER, the above points are helpful 
to get the efficient electrocatalyst. To establish the different 
synthetic approach, CoxMo1-xS2 nanosheets in simple way to 
improve the electrocatalytic performances of MoS2 based doped 
materials, these phenomena cause efficient HER activity with 
minimum onset potentials of 134 mV and small Tafel Slope of 
55 mV dec−1.

In Figure 5h,[183] Tian et  al. has fabricated the few layers of 
2D WS2 via simple lithium-ion intercalation exfoliation. With 
this technique, WS2 nanosheets comprises enhanced lattice 
structure, no impurities, and increase lateral size. By this syn-
thetic strategy, ultra-thin layer WS2 nanosheet has added more 
active sites compared to their bulk counterpart, which lead to 
the more effective electrocatalytic activity. The exfoliated WS2 
nanosheets has shown improved overpotential value (320  mV 
at 10  mA  cm−2 (Figure  5k–l)) compared to their bulk counter-
part. Thin layer WS2 nanosheets has shown a low overpoten-
tial (320  mV at 10  mA  cm−2 (Figure  5k–l)) value compared to 
WS2. However, to enhance the electrocatalytic performance 

Adv. Funct. Mater. 2022, 32, 2208994

Figure 5. a) Polarization curves b) schematic diagram of the exfoliation of MoS2 with three different organolithium compounds and c) Tafel plots 
of exfoliated MoS2 nanosheets with three different organolithium compounds (Reproduced with permission.[156] Copyright 2014, Wiley-VCH GmbH). 
d) Schematic view of the exfoliated MoS2 via ultrasonication for catalyzing HER. e) Schematic diagram of TMDs and f) polarization curves and Tafel 
plots of TMDs, respectively (Reproduced with permission.[157] Copyright 2016, American Chemical Society), g) scheme of the synthesis of TMDs,  
h) Tafel plots of TMDs i) polarization curves of TMDs (Reproduced with permission.[158] Copyright 2020, American Chemical Society). j) SEM images 
of exfoliated WS2 nanosheets k) polarization curves of WS2 l) Tafel plots of WS2 (Reproduced with permission.[159] Copyright 2021, Wiley-VCH GmbH).
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of the 2D nanosheets materials, Li intercalation exfoliation 
strategy is an excellent way to get few layers metal chalcoge-
nides nanosheets.[184]

4.5. Other Methods

Aside to the above-mentioned approaches, there are some few 
other efficient methods, which can be used to synthesized 
efficient catalyst for effective electrocatalytic hydrogen genera-
tion. Possible methods include ball milling,[108] spray drying,[59] 
template assisted synthesis,[186] and can be implemented to get 
ultrathin nanosheets with different types of active sites. Ball 
milling will deliver a microdomain reaction: e.g., Wilkinson 
et al. have successfully synthesized 2D MoS2 based nano cata-
lyst with higher concentration of active sites (Figure 6a), than 
their bulk counterpart.[108] The synthesized 2D MoS2 via ball 
milling has its own ultrathin nanosheets: the extra small thick-
ness of the MoS2 basal plane leads to larger geometric surface 
areas. In Figure  4b, it is shown that all the synthesized MoS2 
nanosheet have better results, compared to bulk MoS2. There 
have been many different templates used to create thin layer 
nanosheets with numerous active sites and increased electrical 
conductivity for electrocatalytic hydrogen evolution reaction 
(HER). These include mesoporous silica, 2D porous polymers, 
and 3D nanoporous gold.[187,188] Implementing a template may 
assist in producing assemblies of few layer 2D materials with 
the highest density of exposed catalytically active sites and the 

greatest possible increase in catalytic activity. In other points, 
different synthetic approaches offer us to explore the efficient 
HER, depends on the number of layers that can provide a 
scientific clue to design the advanced catalysts for enhanced 
HER. Joo et  al. has created the MoS2@ordered mesoporous 
carbon by utilizing mesoporous silica as an inorganic template 
and found out the HER performances are dependent on the 
number of layers.[120] From theoretical point of view, with the 
help of density functional theory (DFT), ΔGH* was calculated 
for one, two, and three MoS2 layers, which is playing a key 
role for the further evaluating the HER performances. As it is 
shown in Figure 6b, calculations were made to determine the 
number of Mo and S edges present in such layer catalyst. From 
the HER measurement and DFT calculations, the turnover 
number (TOF) of the MoS2@OMC for the HER was derived. 
The TOF value is reduced quasi-linearly with the increase in 
layer numbers. The TOF value of the different layer of MoS2@
OMC including single- and double-layer catalysts was 2.32 S at 
200 mV, which has shown the best performances. The decrease 
in the number of layers leads to the more sulfur sites in the 
exposed edges; as a result, an enhancement in HER activity was 
recorded[120] (Figure 6b).

Nguyen et  al. successfully synthesized the hollow spherical 
WS2 and measured their hydrogen evolution reaction perfor-
mance. In this synthetic method, when the temperature has 
been lowered down from 40 to 25  °C the thioacetamide crys-
tallized from the saturated solution. the obtained nanostruc-
tures represented as first cores for inducing the WS2 hollow 

Adv. Funct. Mater. 2022, 32, 2208994

Figure 6. a) Schematic view of the ball milling process for synthesizing MoS2 flakes and polarization curves (Reproduced with permission.[94]  
Copyright 2013, American Chemical Society). b) MoS2 structural model, favorable for HER on the basis of DFT calculations, the quasi-linear relationship 
between TOFs and the number of layers. (Reproduced with permission.[106] Copyright 2015, American Chemical Society). c) Formation mechanism of 
WS2 hollow spheres and polarization curves. (Reproduced with permission.[164] Copyright 2020, Elsevier).
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sphere. The diameter of the hollow sphere is around 300 nm to 
2 µm. The performance of hollow spherical WS2 as an efficient 
catalyst for electrocatalytic HER has been evaluated than WS2 
nanoflowers. Remarkably, WS2 hollow structures (Figure  6c) 
showed higher onset potential and a Tafel slope of 125 mV and 
60 mV dec−1, compared to WS2 nanoflowers (82.3 mV dec−1).[189] 
The approaches for the synthesis of thin layers, including CVD, 
exfoliation, sheet assemble hollow sphere, hydrothermal/sol-
vothermal method, magnetron sputtering, spray pyrolysis, and 
ALD technique can successfully attain the synthesis of few 
layers and/or monolayers of TMDs. The overall active sites grew 
dramatically in correlation with the reduction in the number of 
layers, where more edges are easily available for high catalytic 
activities.

5. Role of Different Active Sites in HER

It is well known that maximum number of active sites of the 
2D TMDs are situated at the edges of the materials, but in their 
basal plane does not have good catalytic activity. Efforts have 
been made to comprise different active sites such as defect and 
edge engineering of the basal surfaces of the thin layer mate-
rials in order to generate more effective electrocatalytic sites, 
like more corner atoms, kinks, terraces, and low coordination 
atoms, which are able to improve the HER activity.[65,167–169,190]

5.1. Role of Edges

To regulate the surface construction at atomic level is the 
topmost criterion to develop emergent potential catalyst for 
hydrogen generation. Such as, the edges of sheet like MoS2 
have extremely catalytic active and as a result, MoS2 basal 

planes, which seem to be inactive, are preferred at their cata-
lytic surface over surface active MoS2. Though, it is thermody-
namically recommended the existence of basal planes as well 
as restricted effective sites for electrocatalysis on the surface. 
Superior catalytic efficiency for the HER is shown by the highly 
organized mesoporous morphology of MoS2 with a controllable 
nanosheets layer. In fact, exceedingly well-organized double-
gyroid MoS2 bi-continuous matrix with different nanoscale 
holes were successfully synthesized by effectively tailoring  
the surface structure to selectively expose edge sites. Due to the 
fact that mesostructured-based materials have improved high 
surface curvature and surface area for electrocatalytic hydrogen 
evolution. Changing the MoS2 morphology at nanoscale, 
by engineering the active edges of the MoS2 surfaces, ena-
bled the improved performances with very low overpotentials  
150–200 mV.[191] Additionally, making a vertically aligned nano 
scale architecture might also intensify the interaction with 
electrolyte in their exposed or opened edge sites. Metal chal-
cogenide-based materials including molybdenum chalcoge-
nide (MoS2, MoSe2) or tungsten chalcogenides (WS2 or WSe2) 
nanosheets can be assembled along the vertical alignment, it is 
possible to grow on the curved and abrasive surfaces of Si nano-
wires, carbon nanofibers, carbon fabric, and other materials 
(Figure 7a–c). The obtained overpotentials of the edge selective 
ultrathin film grown on such surfaces were much lower com-
pared to common substrates such as glassy carbon electrodes 
(Figure  7c). It is very important to highlight that the effective 
edges of the nanosheets would be limited because of the una-
voidable aggregation. Xu et  al. has successfully fabricated the 
MoS2-C hybrid electrocatalyst for efficient HER with maxi-
mized S edges density, whereas the employment of the carbon-
based aerogel materials with multiple irregular structures could 
stop further agglomeration through the synthesis of MoS2.  
Vertically oriented MoS2 nanosheets can also be obtained, and 

Adv. Funct. Mater. 2022, 32, 2208994

Figure 7. a) Synthesis procedure and structural model for mesoporous MoS2 with a double-gyroid (DG) morphology and Ratios of surface area, 
density of active sites per surface area and total HER activity of the various double-gyroid MoS2 films versus the nanowires (Reproduced with per-
mission.[166] Copyright 2012, Nature Publishing Group) b) schematic illustration of the heterostructure combining single-layer fractal-shaped MoS2 
and single-layer graphene and the HER performances of the fractal-shaped single-layer MoS2 (sample c) and Pt foil measured in this work, including 
two important parameters, overpotential η (mV vs. RHE) when j  =  −10 mA cm−2 and Tafel slope (Reproduced with permission.[167] Copyright 2018,  
Elsevier). c) Schematic illustration of the preparation process and microstructure and polarization curves Reproduced with permission.[168] Copyright 2019, 
Wiley-VCH GmbH).

 16163028, 2022, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202208994 by L
ulea T

ekniska U
niversitet, W

iley O
nline L

ibrary on [19/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.afm-journal.dewww.advancedsciencenews.com

2208994 (13 of 28) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

usually they have shown improved catalytic performances with 
the enhancement of effective active edges (Figure 7c).

5.2. Role of Defect

In general, the basal plane of the different type of TMDs are 
catalytically inactive for electrocatalytic HER. Multiple reac-
tive sites can be generated on the plane by providing different 
degrees of defects, which can then be used to excite the elec-
trocatalytic of the plane. Consequently, electronic, and physico-
chemical properties of the base of TMDs catalyst can be altered 
accordingly.[49,192,193] Furthermore, defects are very effective 
approach to accelerate the electrocatalytic efficiency of the basal 
planes. The most important aspects that affect HER perfor-
mance when it comes to defect engineering are the different 
phases of catalytic site and their intensities in the basal planes 
or surfaces, including terraces, low coordinated atoms, dif-
ferent size of pores, corner atoms, and kinks, these properties 
can make the basal plane with more catalytically active edges, 
the quantity of the defects in basal planes may also have an 
influence on the catalytic performances based TMDs nanoscale 
materials.[37,167,168,190,194–196]

Currently, plasma-based approach has drawn a widespread 
attention to increase the catalytic activity of inactive basal plane 
of the different TMDs. For example, Chen et al fabricated a 
highly dense porous at atomic scale of “2D” TaS2 materials to 
enhanced the electrocatalytic activity[52] (Figure 8a). Plasma has 
been used to induce formation of defects by the evaporation 

of Ta and S atoms from their nanosheet surfaces, as a result 
maximum distorted structure have been growing on the TaS2 
nanosheet (see in Figure 8a). A detailed quantitative examina-
tion of the Ta atoms at the edges was performed, and it was 
discovered that the varied levels of defect concentrations have 
grown in tandem with the different plasma treatment times, 
resulting in an increase in electrocatalytic activity. As it is 
shown in Figure  8a, in different exposure time changing at 
from 5, 10 to 15 min, the overpotentials in HER dropped from 
302 mV to 200 mV and then increased to 225 mV, respectively. 
With the help of Ar or O2 plasma, different physicochemical 
properties including defects can be created by changing the 
electronic properties as well as increase the electrocatalytic 
activity of the inert basal plane of TMDs.[54,197–200] Different 
quantity of irregular shapes with triangular holes have been 
formed along with Mo and S ended active edges after H2 and 
O2 plasma annealing to the single layer MoS2, grown on the 
SiO2\Si substrate. Though, the loading of synthesized mate-
rials were very low to get the maximum catalytic performances 
and the stability was not sufficient owing to their less strong 
interface between the catalyst and the SiO2\Si substrates. Xie 
et  al. synthesized via hydrothermal routes in the liquid phase 
that also played a key role in creating more defect rich MoS2 
nanosheets with the addition of thiourea. To obtain more 
defect-rich MoS2 nanosheets, an additional thiourea must be 
added to the hydrothermal system. To get the highly defect rich 
structure, excess thiourea has played an important role as a 
reductant to change Mo(VI) to Mo(IV). With this approach, the 
optimum density of active sites in defect rich MoS2 nanosheets 

Adv. Funct. Mater. 2022, 32, 2208994

Figure 8. a) Schematic description of plasma treatment of ultrathin TaS2 nanosheets and the formation of atomic-sized pores in the basal plane 
for enhanced catalysis toward hydrogen evolution and polarization curves (Reproduced with permission.[39] Copyright 2016, Wiley-VCH GmbH)  
b) structural models of defect-free and defect-rich structures, as-designed synthetic pathways to obtain the above two structures and polarization 
curves (Reproduced with permission.[176] Copyright 2013, Wiley-VCH GmbH) c) schematic representation of developed synthetic strategy for bare MoS2 
and MoS2-rGO Nanocomposite Sheets and Corresponding Defects: I) enhancement of interlayer layer spacing for ammonium Ion Intercalation, II) 
generation of S vacancy, III) ammonium ion induced phase transformation from 2H to 1T, and IV) step edges and polarization curves (Reproduced 
with permission.[46] Copyright 2018, American Chemical Society) d) schematic illustration of the synthesis process of cryo-mediated liquid phase exfo-
liation, the formation mechanism of the defect-rich MoS2 NSs and polarization curves (Reproduced with permission.[178] Copyright 2019, American 
Chemical Society).
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was 1.785 × 10−3 mol g−1.[201] Mondal et al. fabricated large-scale 
synthesis of MoS2 based materials with graphene via spray 
dryer methods following calcination in inert environment. 
MoS2 nanosheets with highly defect rich surfaces, the ammo-
nium carbonate and thiourea has played a significant role.[59] 
The spray dried assisted MoS2 nanosheet has delivered over-
potential of 168  mV and 62  mV  dec−1 (Figure  8c). Besides, 
Wu et al. developed a simple liquid exfoliation process for the 
production of ultra-thin and porous MoSe2 based nanosheets, 
whereas H2O2 was utilized to exfoliate as an oxidant from their 
bulk counterpart to make single layer MoSe2 ultra-thin highly 
porous structures. The obtained ultrathin, porous and highly 
defected MoSe2 enhanced the maximum exposure of active sites 
and guaranteed a highly electrocatalytic performances toward 
HER (Figure  8d). The onset potential and Tafel slope for this 
system were calculated to be 75 mV and 80 mV dec−1, respec-
tively.[138] Yang et al, reported the hierarchical spheres of defect 
rich MoS2 through carbon via micro emulsion technique.[202] 
CS2 forms stable microemulsion along with PVP in aqueous 
system, which is served as Sulphur source as well as soft tem-
plate. With the reversed molybdenum reaction mechanism, 
the S atoms are produced from the CS2, S atom is diffused 
into the aquatic system, which further forms Mo-S-Mo inter-
link based compounds with additional S defects. In addition, 
in non-aqueous phase of CS2, the ionic Mo (7+) does not able 
to insert easily, so, reversed molybdenum reaction produced 
maximum S defects in the corresponding compound, which 
further improve the electrocatalytic processes towards HER 
activity. The defect rich MoS2\C hierarchical sphere has shown 
good electrocatalytic results with onset potential value −103 mV 
(vs RHE) with a Tafel slope of 56.1 mV dec−1. The unique syn-
thetic strategy helps to regulate the effective electrocatalytic 
sites of MoS2. Zhang et  al., describe a simple strategy for the 
synthesis of defect rich MoS2 ultrathin nanosheet using NaBH4 
via cryo aided liquid phase exfoliation process (Figure  8d).[203] 
As a result of the hydrophilicity of their surfaces and the avail-
ability of active edge sites, the electrocatalytic hydrogen evolu-
tion reaction (HER) performance of the d-MoS2 NSs was sig-
nificantly enhanced than MoS2 NSs. Exploration of the impact 
of exfoliation time on the structural morphology of d-MoS2 NSs 
with exposed edge sites provides an illustration of the synthesis 
process of these nanostructures. the best water-soluble molyb-
denum disulfide nanoparticles (d-MoS2 NSs) had minimal over-
potentials 71.5 mV at current density of 10 mA cm2, a low Tafel 
slope (58.3 mV dec1), and excellent cycle stability (>24 h).

6. Electron Transport Enhancement During HER

To enhance the electron transport for further improvement 
of the HER process, an ideal catalyst for electrocatalytic 
hydrogen evolution requires the presence of sufficient active 
sites as well as fasten charge transfer. Semiconducting 2D 
based TMDs nanomaterials demonstrate reduced conduc-
tivity, which restricts the HER kinetics. Consequently, new 
approaches for further increasing electron transportation for 
HER are highly interesting. Recently, different ways such as 
strain engineering, doping heteroatoms thermal treatment, 
and developing synergetic composites has gained a strong 

interest since it has the potential to accelerate the overall 
catalytic kinetics of charge transfer. Moreover, few 2D based 
TMDs are inherently metallic, which is playing a key role to 
fasten the electron transport to accelerate the catalytic activity 
towards HER.[50,59,204–207]

6.1. Strain Development

Owing to their atomic level thickness and enhanced elasticity, 
strain can be acquired in order to carry out lattice distortion of 
2D materials.[208–213] In order to increase the rate of electron 
transfer during hydrogen adsorption and desorption, it would 
be necessary to modify and enhance the d-band electronic 
structure in order to bring it near to the Fermi level. As a result, 
the distinction in gap states, which is generated by strain engi-
neering, is one of the most important aspects of strain engi-
neering during HER performances, e.g., the single layer of 
MoS2 thin film has been grown on the surface of nanoporous 
gold which has strong external strain. The possible bending 
of the crystal lattices leads to the constant changes in the 
S-Mo-S bonding angles in MoS2 layers, which produced a local 
semiconductor-to-metal transition in the MoS2 monolayer[110] 
(Figure 9a). Through S vacancies, Zheng et al. produced strain 
into 2H-MoS2 (Figure  9b).[103] The created S vacancies in 
2H-MoS2 directed to the construction of new valence bands, 
which are close to the Fermi level, permitting the hydrogen 
atoms to bind the exposed Mo atoms. Besides, when the ten-
sile strain was implemented to create the S-vacancies, the posi-
tion of these newly generated bands further shifted towards the 
Fermi level, which has given the smaller and as well as higher 
bandgap close to the Fermi level. The obtained Tafel slops of 
the different category of MoS2, MoS2 with S vacancies and 
stretched MoS2 with S-vacancies are calculated, i.e., 90, 82, and  
60  mV  dec−1, respectively. These phenomena showed that 
the large strain is needed to get an effective catalytic activity. 
Zheng et  al. has examined the kinetic mechanism of strained 
S vacancies of the surfaces of single layer MoS2 via scanning 
electron microscopy (SECM). The electron transfer rate has 
been enhanced four times at 2% uniaxial tensile strain, which 
directly confirms that the tensile elastic strain can enhance 
the electrocatalytic kinetics of MoS2 with S vacancies in HER 
(Figure 8b). Between uniaxial and biaxial tensile strain, biaxial 
tensile strain can help to improve the HER activity in more 
effective way. As per the first principles calculations, it has been 
guessed that the tensile strain would bring about the lowering 
the adiabatic proton affinity, as well as the enhancement in the 
adiabatic electron affinity, therefore resulting in an enhanced 
catalytic activity of HER. It was also possible to compute the 
total electronic structure of m-MoS2 while it was in the 1H and 
1T phases. It has been discussed that the tensile strain might be 
a highly effective way to trigger the inactive inner valence elec-
trons and to enlarge the d-band exchange splitting, that plays a 
key role for the catalytic enhancement in HER. Furthermore, 
Kuo et al. examined the different 2D TMDs (1T-MX2, M: Mo, W,  
etc. and X: S, Se, etc.) and strain engineering has shown 
very well performances in HER. Beside the tensile strain, an  
appropriate compressive strain possibly will enhance the elec-
trocatalytic efficiency of 2D TMDs materials.

Adv. Funct. Mater. 2022, 32, 2208994
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The density of states may decrease due to the internal com-
pressive strain until it reaches the Fermi level and reduce the 
strength of hydrogen bonds to promote functional charge 
transfer and the electrocatalytic hydrogen evolution process 
(HER).[214] Bolar et  al. successfully synthesized strain MoS2 
thorough doping of V and N by simple solvothermal method.

By introducing crystal strain, altering charge transfer, and 
including a newly created (001) plane with improved H-adsorp-
tion capacity, V and N doped MoS2 nanosheets has improved 
the overall catalytic performances. The Mo and S atoms in 
MoS2 has been replaced by V and non-metal N atoms from 
their lattice points, which produce crystal strain.[215] V and N 
doped strained MoS2 has shown excellent results in HER with 
very low Tafel slope of 57 mV dec−1 and with overpotential value 
of 122 mV at 10 mA cm−2 (Figure 9c).

6.2. Doping Heteroatoms (Nonmetal-Doped Catalysts  
and Metal-Doped Catalysts)

Transition metal dichalcogenides (TMDs) are materials that have 
long been under attention; with the development of modern 
synthetic methods, it has become thinkable to study and use the 
monolayers of these compounds. The doping of various heter-
oatoms may cause the basal plane of TMD-based nanostruc-
tured materials to be distorted or enlarged the interlayer 
distance, therefore altering their d-band electronic properties  

and diminish their hydrogen adsorption free energy changes 
(ΔG), which is solely responsible for the enhanced electrocata-
lytic HER processes. Here, doped TMDs based catalysts are 
separated into two section including metal doped and non-
metal doped TMDs. It is possible that both of these types of 
heteroatoms doped nanoscale materials will increase the rate of 
charge transfer.[58,190–195] Different metal atoms may be inserted 
into the architecture of the TMDs materials as co-catalysts to 
maximize WS efficiency. Xie et al. introduced manganese into 
Cobalt selenide (CoSe) nanosheet for enhanced HER[150] in 
Figure  10a. the integration of the Mn with CoSe might accel-
erate the hydrogen atoms on their catalytic surfaces and then 
reduce their kinetic energy; as a result, might be more active 
sites developed, as seen by images from high resolution trans-
mission electron microscopy (HRTEM). The doped CoSe have 
lower overpotential compared to the bulk CoSe. This technique 
has opened a workable way to obtain composite materials for 
the efficient electrocatalytic HER.[150] It is also projected that the 
semiconductor MoS2 will be possibly transformed to semimetal 
MoS2 by V doping. Additionally, different defect sites can be 
formed by V doping, favored to meaningfully accelerate the car-
rier concentration, which has also been established by theoret-
ical (DFT) calculations. The V doped MoS2 is more effective for 
electrocatalytic HER catalyst compared to their bulk counter-
part.[119] Introduction of the different transition metals to alter 
the materials structural disorder, such as Co element, might 
enhance the density of overall active sites for HER catalysis. Jin 

Adv. Funct. Mater. 2022, 32, 2208994

Figure 9. a) Schematic HER catalyzed by the monolayer MoS2@NPG hybrid material and polarization curves (Reproduced with permission.[96]  
Copyright 2014, Wiley-VCH Gmb) b) schematic of the top (top panel) and side (lower panel) views of pristine monolayer 2H-MoS2, polarization curves 
and experimental TOFS−vacancy versus their corresponding calculated ΔGH for V-MoS2 and SV-MoS2 (Reproduced with permission.[89] Copyright 2016, 
Nature Publishing Group) c) preparation of vanadium- and nitrogen-doped MoS2 (VNMS) in the solvothermal method, represents the (001) HER active 
crystal plane and polarization curves (Reproduced with permission.[191] Copyright 2021, American Chemical Society).
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et al. found that the Co element in different TMDs, including 
NiS, CoS2, FeS2, and their alloys is useful for enhanced electro-
catalytic activity. The electrocatalytic enhancement will be modi-
fied as a result of the increase in Cobalt content, might act as a 
significant role in the enhancement of HER. In the meantime, 
Zhang et  al. revealed a dynamic structural revolution in tung-
sten selenide after cobalt doping, which lead to the direct opti-
mized electronic state of Se active sites, accelerating the H2 
production under HER. From the theoretical point of view, the 
rationality of the structural growth and the effect of doping on 
the Se active sites enhance the overall electrocatalytic water 
splitting, resulting in 140  mV at 10  mA  cm−2. With the Co 
doping effect, this work provided a clear understanding of the 
doping effect on accelerating the electrochemical perfor-
mances[220] (Figure 10b). Wang et al. have optimized the Molyb-
denum (Mo) doped into the rhenium sulfide nanosheet on 
carbon cloth. After Mo doping in ReS2, the electronic structure 
of the materials has been improved along with their electro-
chemical performances. From the theoretical point, the 
Mo-ReS2 and the bare ReS2 materials density of states (DOS) is 
calculated, which shows that this material has behave as semi-
conductor with bandgap value of 0.47 eV. After Mo doped into 
ReS2, the semiconductor materials turned into a metallic 
whereas metallic electronic structure is a p-type doping due to 
the redistribution of Molybdenum (Mo) 4d electron and the 

charge transfer. From the above points, it can be explained that 
after doping of Mo atoms could be helpful to enhance the 
charge transport. This phenomenon has enhanced the overall 
performances of HER. The hydrogen evolution reaction electro-
catalyst made of Mo-doped ReS2 has been employed in acidic 
conditions with low overpotential values of 101  mV at 
10 mA cm−2, a Tafel slope of 40 mV dec−1 with outstanding sta-
bility.[221] In order to achieve an enhanced electrocatalytic water 
splitting performances, nonmetal doped TMDs with a diverse 
variety of innovative characteristics have been implemented in 
conjunction with a nonmetal doped TMDs catalyst. Xiang et al. 
fabricated Se doped MoS2 alloys (Se  =  0.39, 0.51, and 0.61) 
through regulating the quantity of Se concentration in the 
MoS2 semiconductor. As a result, optimizing the bandgap of 
MoS2 nanosheets allows for the tuning of HER catalysts, that 
lead to a vital role in fine-tuning the conductivity of the newly 
synthesized catalyst.[222] Mostly, the introduction of the Se 
atoms into thin layer MoS2 nanosheets induces the formation 
of MoS2(1-x)Se2x, which exhibits larger ΔG than the pure MoS2 or 
MoSe2, which can trigger the effective hydrogen separation 
from the monolayer surface of MoS2. The LSV pattern reveals 
that the onset potential of MoS2(1-x)Se2x that is weaker than the 
onset potential of pure MoSe2 or pure MoS2. From this investi-
gation, it is also confirmed the positive doping effect in TMDs 
for enhance the HER.[223] Mainly, because of the larger size of 

Adv. Funct. Mater. 2022, 32, 2208994

Figure 10. a) Schematic representations of the formation mechanism for the subtle distortion of atomic arrangement through the incorporated  
heterogeneous spin states, HRTEM images, FFT and polarization curves (Reproduced with permission.[136] Copyright 2016, American Chemical Society). 
b) HAADF-STEM image of Co-WSe2 nanosheets, the detailed images of the selected area, top view structure model of the Co-WSe2 nanosheets and 
polarization curves (Reproduced with permission.[198] Copyright 2021, American Chemical Society) c) schematic representation of the fabrication pro-
cess of the P-doped 2H MoS2 phase of PRMoSx@CC electrode, atomic structures of P-doped Mo-edge and S-edge of 2H phase of MoS2, supercells 
of Mo16S31P and Mo16S30P2. The numbers denote reaction sites and polarization curves (Reproduced with permission.[47] Copyright 2017, Wiley-VCH 
GmbH). d) Synthetic process for Nb-CoSeS@NC and polarization curves (Reproduced with permission.[205] Copyright 2021, Elsevier).
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Se than the S atoms, the insertion of Se atom into the WS2 
nanocrystals induces crystal distortion in the original structure, 
which creates a polarized electric field. Therefore, the polarized 
adsorbed reactants tend to be focused on owing to their induced 
electric field, which can play a key role in accelerating the bond 
breaking processes on the adsorbed water molecules. So, the 
monolayer of the Se-doped WS2 has shown enhanced catalytic 
activity with minimum onset overpotentials of 80 mV, which is 
lower than that of undoped WS2 and WSe2. Additionally other 
types of TMDs nanosheets doped with Sulfur (S), Oxygen (O), 
and Hydrogen (H) atoms also showed improved perfor-
mances.[51,101] The conductivity of the materials would be 
enhanced owing to their declined bandgap energy, due to the 
presence of defects and strain originated form the S doping, 
which lead to the modified band gap energy of MoSe2. The con-
ductivity of MoSe2 can be enhanced directly through decreased 
bandgap energy, which further improves the electrocatalytic 
performances of S doped MoSe2, compared to the pristine 
MoSe2.[51] Additionally, O incorporation also represents an 
important strategy to control the electronic structure of the 
MoS2 nanosheets, the obtained disorder in TMDS instantane-
ously gives additional unsaturated S atoms as an effective cata-
lytic site,[101] as shown in Figure 10b. The O incorporated MoS2 
have shown the excellent electrocatalytic activities. (Figure 10b) 
it can be deduced from their polarization curves and equivalent 
Tafel plots. To maximize the efficiency of metal elements as 
electrocatalysts, P doping was also used to change their elec-
tronic states.[60,224] The electrocatalytic performances of HER of 
P doped MoS2 has shown excellent activity, because of their 
noteworthy decrease in the valency of Mo after P doping, which 
leads to the lesser free energy changes, than the pristine MoS2 
basal planes (Figure 10c). In the past few years, MoS2 has drawn  
a great potential as an effective electrocatalyst to drive HER, but 
in doped MoS2 has hardly been described due to their hard-syn-
thetic path. Yang et  al. has successfully designed atomic scale 
substitution of Pd/O Co-doped into MoS2, which exhibits very 
small onset potential of 23 mV at a current density of 10 mA cm−2 
with reduced Tafel slope of 18  mV  dec−1. From the theoretical 
study it is also confirmed that Pd/O doping in MoS2 forms 
defect pairs in MoS2 which are created due to added unsaturated 
S atoms around the defect sites, promoting the excellent HER 
activity.[225] Chai et al.[226] has shown that metal doping for active 
sites exhibits excellent HER activity. Nb doped CoSeS materials 
well doped in N-doped carbon nanosphere (Nb-CoSeS@NC) 
were synthesized to serve as a conductive substrate and 
enhanced their activity for HER. Nb doping can alter the elec-
tronic structure of the CoSe that fastens the HER processes. The 
synthesized Nb-CoSeS@NC, with unique core shell structure, 
shown a low overpotentials of 115 mV at 10 mA cm−2 which is 
smaller than the other doped electrocatalyst in Figure 10d.[226]

7. Fabrication of Synergetic Nanocomposites

To get intrinsic high catalytic activity of the poorly conducting 
2D nanoscale materials, in order to speed up electrocatalytic 
hydrogen evolution processes, a few synergetic composite 
materials have been identified that boost or speed up the elec-
tron transport process.

7.1. Synergy with Conductive C-Based Materials

Carbon-based materials including carbon nanotube, graphene, 
carbon dots, and different carbon materials with outstanding 
electron transport ability along with high chemical stability 
have been assembled with 2D TMDs based nanoscale catalyst. 
The carbon-based materials can prevent further agglomeration 
and endorse the charge transfer processes.[227–229] In addition, 
they increase the overall conductivity of the composite TMD-
based materials, further improving the electrocatalytic kinetics 
for HER. The carbon-based materials have been coupled with 
2D TMDs as cooperative catalyst to gain the overall kinetics of 
the HER processes. Dai et  al. synthesized MoS2 nanoparticles 
on reduced graphene oxides sheet via solvothermal technique. 
The obtained MoS2/rGO hybrid materials possess the nano-
scopic few layers MoS2 structure, with a maximum exposed 
edge, which is stacked on the graphene sheets, compared to 
the aggregated MoS2 particles, which are synthesized without 
reduced graphene oxide sheets. The synthesized MoS2/rGO 
nanosheet has shown excellent electrocatalytic activity towards 
HER, compared to bare MoS2 catalyst. the obtained MoS2/
rGO catalyst has shown Tafel slope 41 mV dec−1, deriving from 
the excellent electrical coupling to the underlying graphene 
network. For better HER performances, when using a hybrid 
catalyst, such as MoS2/rGO, the chemical and electrical interac-
tion between the GO sheets and MoS2 is enhanced. Due to the 
vastly well dispersed MoS2 nanoparticles on the surface of GO 
is lead to the well-defined physicochemical coupling between 
MoS2 and GO and the characterization of these phenomena are 
all being investigated. Since MoS2 on GO is a small size and 
dispersed widely, it provides a large number of readily edges 
that are readily available to initiate the HER might function as 
active catalysts. Due to the strong coupling effect between MoS2 
and highly conducting graphene sheets lead to the fasten elec-
trocatalytic processes during HER.

The MoS2/RGO hybrid has a much lower impedance when 
measured at an overpotential of = 0.12 V than the pristine MoS2 
(Figure  11a). With the MoS2/RGO hybrid catalyst, the drasti-
cally lower Zf resulted in much accelerated HER kinetics than 
before.[227] Coleman et al. assembled the MoS2 nanosheet with 
single wall carbon nanotubes; as a result, the current density 
of the composites was increased after adding the carbon nano-
tubes. The main reason is that the active sites, originally inac-
cessible, can now be reached more easily through the highly 
conductive channels, thus improving the charge transfer.[115] 
In general, the performance of the thicker MoS2 electrode 
with more active sites is driven by electron transport rather 
than mass transfer, resulting in weak electrocatalytic activity. 
The insertion of SWCNTs, on the other hand, modified the 
transfer in the thick MoS2 electrode more active in the direc-
tion of electrocatalysis than before. It is shown that (Figure 11b) 
at the same potentials, the thicker MoS2 films had lower onset 
overpotentials and greater current density. Ramakrishna et  al.  
constructed a flexible electrode made of CoS2/rGO/Carbon 
nanotube nanocomposites.[230] Carbon nanotube (CNT) and gra-
phene both are conductive substrate, CNT network enhances 
the efficient charge transfer process. The CoS2 nanosheet 
grown on the surface of rGO substrate led to the excellent inter-
face as well as avoid aggregation and/or phase transformation, 

Adv. Funct. Mater. 2022, 32, 2208994
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which lead to the excellent electrocatalytic performances of the 
CoS2/rGO-CNT nanocomposites. Additionally, tin based TMDs 
have also attracted much attention, including SnS2, SnS, SnSe, 
Sn3S4, etc. because of the excellent physicochemical properties 
enhances the catalytic activities.[231–233] Lee et  al. has shown 
the large-scale synthesis of SnS on N doped reduced graphene 
sheets. The presence of various functional groups in graphene 
oxides has played a significant role in the formation of substan-
tial couplings with SnS precursors, apart from that graphene 
has also played an important role for their structural growth of 
the SnS formation. This dual phenomenon has increased the 
overall electrocatalytic performances, enhanced HER processes 
with reduced Tafel slopes and low onset overpotentials. Addi-
tionally, the long-term stability of the SnS/N-rGO materials 
across a broader pH range encourages the significant advance-
ments in HER in the near future.[234] Recently, Dong et al. has 
synthesized defective MoS2-rGO based nanoscale materials, 
which demonstrated exceptional HER performance with a low 
overpotential of 154 mV, a current density of 10 mA cm−2, and 
a modest Tafel slope of 56.17 mV dec−1. The existence of the 1T 
phase of MoS2 in the synthesized electrocatalyst may be attrib-
uted to the outstanding HER performance of the electrocatalyst. 
Due to the defect site of the catalyst has opened up new active 
sites and also accelerate the electrocatalytic processes.

Moreover, the MoS2 and rGO based nanocomposites can 
trigger the faster electron transfer kinetics, along with the excel-
lent conductivity and structural stability. As a result, the obtained 
catalyst exhibited outstanding electrochemical stability.[235]

7.2. Designing Nanoscale Architecture

Because of the scarcity of conductive channels in the bulk 2D 
TMDs layers that are present on the conductive substrates, the 
charge transfer process is quite hindered due to multi-layer 
sheets of bulk 2D TMDs. Consequently, many nanostructured 
materials have been developed to facilitate electron transport 
across the whole electrochemical system, with the goal of 
improving the catalytic performance of HER catalysts.[137,236] 
Constructing an efficient catalyst for electrocatalytic applications 
on porous conductive substrates for enhanced charge transport. 
In recent times, monolayer of WS2,[237,238] MoS2,[239,240] SnS2,[241–

243] etc.[244] based nanosheets anchored into the N-doped carbon 
materials have been synthesized with the help of coaxial spin-
ning strategy. Single layer nanostructures WS2 attached with 
the hollow N-doped carbon nanotubes (WS2@HNCNFs) via 
simple electrospinning technique were also prepared. The 
impedance between the layers may be lowered, and the elec-
tron transit into the carbon matrix may be improved, as a result 
of the additional nitrogen doping to the carbon matrix. As 
expected, the composites assembly along with their good con-
ductivity has shown the enhanced catalytic performances.[245] 
This kind of composite materials with excellent conductivity 
has shown increased electrocatalytic functionality (Figure 12a). 
Chen et  al. investigated the electrical conductivity of  
MoS2/MoO2 based materials by using porous metallic and highly 
conductive MoO2 as a base material.[246] Furthermore, from the 
3D porous substrate, Liu et  al. created a 2D in plane hybrid  

Adv. Funct. Mater. 2022, 32, 2208994

Figure 11. a) Synthesis of MoS2 in solution with and without graphene sheets, polarization curves and Tafel plots (Reproduced with permission.[206] 
Copyright 2011, American Chemical Society). b) TEM images of exfoliated MoS2 nanoflakes and polarization curves (Reproduced with permission.[101] 
Copyright 2016, American Chemical Society).
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nanostructured comprising of small size MoS2 nanoplates that 
were homogeneously put into graphene sheets. Within the 
atomic level basal plane, the in-plane MoS2-graphene based 
nanostructures has allowed fast electron transport across the 
system. The vertically aligned substrate structure may provide 
adequate conductive pathways and, as a result, allows for the 
formation of charged nanocrystals on the vertically aligned 
CNTs, which is advantageous (VA-CNTs). Additionally, it has 
been shown that vertically stacked quasi-2D based MoO2/MoSe2  
nanosheets arrays can be formed on more conductive sites.[247] 
Due to enhanced crystalline disparity between MoSe2 and MoO2 
delivered abundant active sites for the hydrogen evolution reac-
tions owing to their increased defects and disorder on the shell. 
In addition, metallic character of the MoO2 speed up the overall 
charge transport for H2 production in this type of core-shell 
nanostructure (Figure  12b). Because of the strong synergistic 
effects of such nanostructures, it has given excellent HER per-
formances. Xu et  al. developed low-cost bifunctional catalysts 
that demonstrated remarkable activity and stability. Using 
carbon cloth (CC), in-situ fabrication of bifunctional sheet-
on-sheet hierarchical MoS2/NiS2 heterostructures, which were 
then further used for water splitting. The MoS2/NiS2/CC cata-
lyst has shown high electrochemical performances to hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER),  
owing to the abundance of heterogeneous interfaces, rich-
ness of defects, active sites, and electronic interaction. Exact 
current densities of 10, 50, and 100 mA cm−2 can be achieved 
for HER and OER at overpotentials between 80 and 142 mV, 
303 and 348 mV, and 384 and 384 mV, correspondingly. Fur-
thermore, when built as both a cathode and a collector for 
overall water splitting, a low cell voltage of 1.63  V is needed 
to obtain a current density of 10  mA  cm−2, suggesting that 
MoS2/NiS2/CC is a good contender for overall water splitting. 
In a nutshell, this research presents a novel strategy for the 
further progress of effective bifunctional catalyst for hydrogen 
production.[248]

Li et al. has fabricated a defect-rich 1T-MoS2 nanosheet was 
created via hydrothermal approach using acetic acid as a tem-
plating agent. Increasing or decreasing the quantity of acetic 
acid may govern the percentage of 1T phase and influence elec-
trocatalytic hydrogen evolution reactions, it has been discov-
ered. The overpotential may be as low as 136 mV at a current 
density of 10 mA cm−2 with a Tafel slope of just 45 mV dec−1,  
indicating a promising future electrocatalytic hydrogen evolu-
tion at high concentrations of acetic acid. Using acetic acid 
as a template, 1T-MoS2 does not aggregate and as well as 

Adv. Funct. Mater. 2022, 32, 2208994

Figure 12. a) Schematic illustration of a,i) coaxial electrospinning, a,ii) as-spun core–sheath SAN@WS2 precursor/PAN nanofiber composite, which 
undergoes a subsequent thermal treatment, resulting in a,iii) a core–sheath nanofiber structure where single layers of WS2 nanoplates are uniformly 
anchored to hollow N-doped carbon nanofibers and polarization curves (Reproduced with permission.[224] Copyright 2015, American Chemical Society) 
b) schematic illustration of the formation of vertical core–shell MoO2/MoSe2 nanosheet arrays and polarization curves (Reproduced with permis-
sion.[226] Copyright 2016, Wiley-VCH GmbH) c) schematic of the synthesis of 1T phase-rich MoS2, TEM images with defect and Polarization curves 
(Reproduced with permission.[228] Copyright 2021, American Chemical Society) d) LixMoS2 and metal ion-exchange Method, TEM images of nanosheets 
and the corresponding polarization curves (Reproduced with permission.[229] Copyright 2019, American Chemical Society).
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maintains its high conductivity (Figure  12c), paving the way 
for the creation of long-term stable and low-cost hydrogen 
evolution reactions in a variety of configurations. Very signifi-
cantly, the likely method of creation of 1T-MoS2 nanosheets 
is given based on a comparison of many tiny molecular car-
boxylic acid molecules.[249] Özgür et al. used a straightforward 
Li exchange technique at a regulated temperature, have cre-
ated zinc intercalated MoS2 (Zn@MoS2) for the first time 
(Figure  12d). The electrocatalytic activity of Zn@MoS2 and 
the synergistic impact of graphene on HER were investigated  
in 0.5  M H2SO4 at room temperature. The Zn@MoS2 
exhibited an overpotential of 0.378  V and a Tafel slope of 
81 mV dec−1 with a Tafel slope of 0.378 V. As a consequence 
of these findings, efficient catalysts for use in water split-
ting technology is proposed, which has the potential to be 
applied to the synthesis of additional transition metal-based 
2D materials.[250]

7.3. Coupling Effect in 2D TMDs

The coupling effect between the substrate and the active cata-
lyst has been proved to minimize the contact resistance to a 
great extent, which directly accelerates the charge transfer 
kinetics and lower down the hydrogen adsorption energy, 
i.e., backs up the enhanced HER activity.[37,248,251] Chhowalla 
et  al. proposed a reaction route for lowering contact resist-
ance between a substrate and active catalysts by the introduc-
tion of electronic coupling between the substrate and 2H-MoS2 
nanosheets.[105] The 2H-MoS2 nanosheets exhibited excellent 
HER activity, which has never been previously seen for the 
intrinsic 2H-MoS2 nanosheet before this study. The MoS2 
catalysts were loaded with SiO2 on Si wafers. To ensure excel-
lent conductivity, conductive gold (Au) contacts placed on the 
MoS2 nanosheets functioned as electrical contacts, as shown 

in Figure  13a. The free electron produced by the dopant may 
lower the Schottky barrier at the electrical contacts, accelerating 
charge transfer kinetics between the MoS2 nanosheets and the 
conductive substrate. Additionally, the extra electrons in the 
MoS2 nanosheet lattice might benefit of the reduction of ΔGH*. 
With the decrease in contact resistance, the inert basal plane of 
the MoS2 nanosheet may be activated, resulting in a quickening 
of charge penetration. Moreover, as shown by the polarization 
curves. (Figure  13), the HER activity improved importantly 
with the reduction in the contact resistance. With this study, 
we have discovered a novel method for fabricating large area 
working electrodes with low contact resistance, which may 
be used to fully leverage the potential of MoS2 nanosheets for 
electrocatalytic hydrogen evolution reaction (HER). From this 
work, the coupling effect with two or more alternative materials 
to fabricate nanocomposites can be considered as a powerful 
way to maximize the advantages and to lower down the disad-
vantages of the distinct counterpart. Vikraman et  al. has suc-
cessfully synthesized 1T-2H mixed phase MoS2 on the surface 
of reduced graphene oxide (rGO) nanocomposites and applied 
it as efficient electrocatalyst for hydrogen evolution reaction in 
acidic and alkaline solution. As shown in Figure 13b, the HER 
findings showed low overpotentials (70 and 71  mV vs RHE), 
resulting in a current density of 10 mA cm−2 and modest Tafel 
slopes (46 and 52  mV  dec−1) for 2H-1T MoS2/rGO hybrid in 
acidic and alkaline electrolytes, respectively. Chronoampero-
metric investigations of 2H-1T MoS2/rGO electrocatalysts in 
acid and alkaline solutions over 24  h revealed a substantial 
HER characteristic in both acid and alkaline solutions. In this 
study, we investigated the fluctuations in the density of states 
for 2H-1T MoS2 and rGO hybrid hydrogen adsorbed surfaces 
using density functional theory (DFT) calculations. The DFT 
calculation also yielded a low Gibbs energy of 0.01  eV, which 
confirmed the better experimental HER findings for 2H-1T 
MoS2/rGO hybrids.[252]

Adv. Funct. Mater. 2022, 32, 2208994

Figure 13. a) Photograph of the electrochemical microcell, schematic of the set-up showing single layer of MoS2 deposited on SiO2 and contacted by 
one gold electrode, STEM image of a single-layer CVD-grown MoS2 nanosheet with different defects: single sulfur vacancy (orange circles) and double 
sulfur vacancy (yellow circles), Intensity profiles along lines L1–L3. Higher contrast is obtained from the Mo atoms compared to one sulfur atom (≈30% 
of the Mo intensity) and two sulfur atoms (≈45% of the Mo intensity). In absence of sulfur atoms (L3), the intensity decreases to <10%, STEM image of 
a large-area single-layer MoS2 nanosheet. The vast majority of the defects are formed by single sulfur vacancies, The differential hydrogen adsorption 
energy (ΔE) in 2H-phase MoS2 decreases significantly with an increased carrier concentration and their corresponding polarization curves (Reproduced 
with permission.[91] Copyright 2016, Nature Publishing Group) b) proposed 2H-1T MoS2/rGO hybrid creation using one-pot synthesis with ultrasonic 
dispersion; resulting 2H-1T MoS2/rGO hybrid structure and their polarization curves (Reproduced with permission.[231] Copyright 2019, Elsevier).

 16163028, 2022, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202208994 by L
ulea T

ekniska U
niversitet, W

iley O
nline L

ibrary on [19/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.afm-journal.dewww.advancedsciencenews.com

2208994 (21 of 28) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

7.4. Interfacial Engineering

Electrocatalysts based on heterostructure materials with large 
specific surface have shown substantially faster alkaline and/or 
acidic HER electrocatalytic kinetics, typically due to the strong 
synergistic effect from different components, which is playing 
a key role to control or balance the adsorption/desorption 
performances of the intermediates at the interfaces. Through 
various approaches such as interfacial bonding, electrical con-
tact, morphological changes, defects, phases, composition, and 
lattice strain, interface engineering may successfully enhance 
the electronic structures of active sites, which might appropri-
ately optimize the binding energy, targeting intermediates such 
as hydrogen.[253–258] Xu et al. has successfully demonstrated by 
potential-temperature depended electrodeposition strategies, we 
have shown the ultrathin Ni(OH)2/Ni3S2 nanosheets (1.8 nm) as 
a self-assembled nanoforest based electrocatalyst (Figure  14a). 
When the Ni3S2 catalyst is used in conjunction with the 
Ni(OH)2 cocatalyst, the surface atomic configuration of Ni3S2 is 
highly regulated, resulting in an efficient acceleration of the dif-
ferent kinetic steps including Volmer step, OH− adsorption at 
the time HER process. The electrocatalysis process of the syn-
thesized electrocatalysts to the hydrogen and oxygen evolution 
reactions in 1 m KOH is superior and steady, with minor over-
potentials of 50  mV and 210  mV at 10  mA  cm−2, respectively. 
An alkaline electrolyzer has used the Ni(OH)2/Ni3S2 nanoforest 
as bi functional catalyst which can make up to 100  mA  cm−2 
with minimum cell voltage (1.64  V) even though being stable 
for 120 h at 1.55 V.[259] Jia et al. has fabricated the Mo2C-Mo3C2 
heteronanowires for high performances HER through interfa-
cial engineering. An accurate phase transition approach is used 
to fabricate Mo2C–Mo3C2 heteronanowires with

Excellent electrocatalytic results (Figure  14b). The disor-
dering of the structure and the carbon shell on the surface of 
Mo2C–Mo3C2 heteronanowires has improved surface area and 
a defect-rich catalytic surface. In addition, the influence of the 
faulty sites and carbon shell on the free energy for hydrogen 
adsorption in HER is investigated using theoretical calcula-
tions (DFT). For the purpose of improving the HER catalytic 
performance, it is necessary to assess the synergistic impact 
between various phases as well as the added lattice defects of  
Mo2C–Mo3C2. In both acidic and alkaline environments, the 
proposed catalyst exhibits optimum electrocatalytic activity 

with low overpotentials of 134 and 116  mV at 10  mA  cm−2, a 
modest Tafel slope of 64 mV dec−1, and long-term stability for 
5000 cycles. As a result of this experiment, new insights into 
the design of high-efficiency HER catalysts for commercial 
water splitting will be gained by interfacial engineering at the 
nanoscale.[260] Chen et  al. have developed an interface engi-
neering technique that has been shown to be effective in the 
construction of an efficient and stable catalyst based on NiS@
MoS2 core-shell hierarchical microspheres. Using in situ 
growth, ultrathin MoS2 nanosheets are formed on the surface 
of NiS hierarchical micro-sized spheres that have been built by 
porous nanoplates. More crucially, heterostructure formation 
of MoS2 nanosheets and NiS nanoplates has helped to adsorp-
tion of hydrogen intermediates in a synergistic manner and 
speeding up the electrocatalytic method for HER. Consequently, 
the improved NiS@MoS2 catalyst exhibits outstanding HER 
activity and endurance, with a low overpotential of 208 mV in 
0.5 m H2SO4 and 146 mV in 1.0 m KOH at 10 mA cm−2, respec-
tively, in the presence of a low overpotential (Figure  14c). The 
electrocatalytic output confirms that not only the core-shell hier-
archical microspheres, but also a multiscale method, are useful 
in controlling the electronic structure of heterostructure mate-
rials for increased hydrogen evolution reaction performance.[121]

7.5. Effect of Metallic Materials and/or Phase Changes in TMDs

TMDs exhibit a diverse range of physicochemical character-
istics, governed by their different crystallographic phase and 
composition. As an example, in the case of MoS2, 2H-MoS2 
is classified as semiconductive materials, although 1TMoS2 is 
classified as metallic.[192,249] The electrocatalytic performances 
of these two types of MoS2 in the presence of HER is vastly 
different. HER can be catalyzed by metallic TMDs, which 
may be used as competing candidates for catalysis in two dif-
ferent types of MoS2, 2H-type MoS2 has active sites that come 
exclusively from uncoordinated S atoms at the edges, whereas 
1T-type MoS2 has active sites that originate from the basal sur-
face as well. 1T-MoS2 is metastable, and intercalation is a pro-
cess that may be used to achieve phase transition, which results 
in the creation of 1T-MoS2 as a result.[101,152–154,261–264]

In addition, 2D MoS2 can be found mainly in three phases 
including 1T (Octahedral symmetry), 2H (Trigonal prismatic 

Adv. Funct. Mater. 2022, 32, 2208994

Figure 14. a) Schematic illustration of the electrodeposition synthesis of the nanoforest electrocatalysts, high-resolution TEM image and the selected 
area FFT patterns and polarisation curves (Reproduced with permission.[238] Copyright 2019, Elsevier) b) schematic diagrams of the synthetic proce-
dures of the Mo3C2–Mo2C encapsulated in carbon shell heterostructures, TEM images and their corresponding polarization curves (Reproduced with 
permission.[239] Copyright 2019, Royal Society of Chemistry) c) schematic illustration of the formation process of NiS@MoS2 core-shell microspheres 
and corresponding polarization curves(Reproduced with permission.[107] Copyright 2021, Elsevier).
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coordination), and 1T´ (distorted Octahedral Symmetry). 1T 
MoS2 is not stable without additional efforts into the S-Mo-S 
framework, due to its strong aggregation nature and turns 
into 2H MoS2 owing to their S-S noncovalent interaction. The 
phase transition can occur between the 1T/1T´ and 2H and/
or 2H and 1T/1T´. In 2H MoS2, the d-orbital splits up into 
three bands which are dx

2
-y

2
, xy, dz

2, and dxy, xz.[261–263] Hence, it 
is showing low charge transfer and semiconducting behavior 
which restricts its application as an electrocatalyst. Whereas the 
electronic properties of 1T MoS2 has been changed intensively 
than 2H MoS2, partially filled dxy,yz,zx orbital generate metallic 
character in 1T MoS2 phase, which is 107 times more conduc-
tive compared to 2H MoS2 phase. During electrocatalytic appli-
cations, the 1T MoS2 metallic phase removes the Schottky bar-
rier, which enhances the kinetics of charge transfer rate. Due 
to that, the overpotential and Tafel slope during electrocata-
lytic hydrogen evolution is much lower in 1T MoS2 compared 
to 2H MoS2. However, highly conducting 1T-MoS2 nanosheets 
obtained through the 2H/1T phase transition signifies a more 
efficient way for further improvement in HER.[101,261–264]

Jin et al. has fabricated that, 1T-MoS2 nanosheets were formed 
by simple exfoliation with lithium intercalation from 2H-MoS2 
nanostructures that were made on graphite (Figure  15a). Jin 
and his team found this out in their study.[194] In addition, the 
nanosheets of the metallic MoS2 polymorph demonstrated 

simple electrode kinetics and low-loss electrical transport, ena-
bling them to be used as an incredibly competitive earth-abun-
dant high-efficiency HER catalyst (Figure 15b).[265] In addition, 
Jiang et al. used DFT calculations to determine the basal plane 
catalytic activity of 1T MoS2 for improved HER.[117] It is shown 
in Figure 15c that the original catalytically inert basal planes are 
active after phase transition of 2H-MoS2 to 1T MoS2 along with 
the faster phase transfer from 2H MoS2 to 1T MoS2. Because of 
their high affinity for H-atom binding at S edges, the catalyti-
cally active basal plane of 1T MoS2 performed much better than 
the catalytically inert basal plane of 2H MoS2. With the help 
of binding free energy using H as the descriptor, they found 
that the best H2 evolution proceeded at the surface with 12.5 
to 25% H coverage. The whole HER process on the 1T MoS2 
basal planes surfaces was given in Figure  14c, from Volmer 
step, where S atoms of 1T MoS2 adsorbed H atoms with very 
small barrier of 0.16  eV, surveyed by a Heyrovsky reaction of 
the H atoms along with the hydronium protons to generate H2 
with an energy barrier of 0.62  eV. Thus, it is proved that the 
HER occurred easily on the basal planes of 1T MoS2 through 
Volmer-Heyrovsky mechanism. In addition, few metallic 2D 
TMDs including TaS, VS2, VSe2 with no bandgaps, mani-
fested excellent HER performances because of their fast charge 
transfer.[52,266,267] VS2 is a typical metallic member of the TMDs 
family.

Figure 15. a) Electron microscopy characterization of as-grown 2H-MoS2 nanostructures and their polarization curves (Reproduced with permis-
sion.[240] Copyright 2013, American Chemical Society). b) Scanning electron microscope (SEM) images of VS2 nanosheets with dominant hexagon 
and polarization curves after iR-correction, corresponding Tafel plots, polarization curves after various cycles, and Nyquist plots showing that 1T-VS2 
maintains excellent catalytic activity after 12,000 cycles of continuous operation (Reproduced with permission.[242] Copyright 2015, Wiley-VCH GmbH) 
c) schematic illustration of the MoS2 surfaces of water splitting for H2 generation and overall reaction mechanism for HER on the surface of 1T MoS2. 
relative free energy (G) values and activation energies (for the Volmer and Heyrovsky steps) (Reproduced with permission.[103] Copyright 2016, American 
Chemical Society).
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Lou et al. demonstrated a simple CVD approach for synthe-
sizing VS2 single crystal nanosheets, as seen in Figure 15c. The 
resistivity of VS2 decreased as the temperature decreased, as 
seen in Figure 13d, indicating its inherent metallic nature. The 
1T-VS2 crystals demonstrated excellent electrocatalytic activity 
for HER, with an exceptionally low overpotential (68  mV) 
at a current density of 10  mA  cm−2, modest Tafel slopes 
(34 mV dec−1) (Figure  15b), and remarkable stability over long 
time. Electrochemical impedance spectroscopy (EIS) investi-
gations were used to determine the charge transfer efficiency. 
Due to minimum charge transfer resistance of 3U for 1T-VS2, 
which is signifying the catalyst potential as a potential non 
noble based electrocatalyst for HER (Table 2).[267]

The most important physicochemical properties of 2D tran-
sition metal chalcogenides have been benefited by their acti-
vated basal plane, edges, strain, controlled morphology, and 
monolayers, which are helping them to build excellent electro-
catalytic materials for HER.[42–44,113,268] Generally, metal chal-
cogenides have been fabricated through different synthetic 
strategies including CVD, hydrothermal colloidal, solid states, 
etc., which have been discussed in earlier sections and shown 
in Table  1. 2D metal chalcogenide-based materials in various 
forms are very important nanostructures for the electrocatalytic 
performances of hydrogen evolution reactions toward a greener 
environment.[113,268–270]

8. Conclusions

In this review, it is discussed the current development and their 
future research in transition metal dichalcogenide (TMDs) 
area. Our main target was to explore in the basic concepts, 
synthesis, and details discussion of 2D TMDs encompassing 
their different catalytic activities. The main advantages of the 
2D plane with most exposed active sites and their fast diffusion 

path confirms the enhanced catalytic performances, which is 
equivalent to the expensive Pt based electrocatalyst. However, 
owing to their presence of different atomic arrangement and 
chemical accessibility of the nanoscale 2D TMDs materials. 
Additionally, it is also possible to increase their catalytic activity 
further by the alter of synthetic strategies which lead to the 
results of different potential electrocatalytic results. In general, 
different features are being followed including engineering the 
2D nanomaterials, edge and strain engineering, creating defect, 
heteroatom doping, metallic materials, fabrication of nanocom-
posites multilayer to single layers, and enhancement of their 
overall charge transfer for creating more effective sites for 
HER. From these different physicochemical properties of the 
2D TMDs for highly performed HER electrocatalyst. Though, 
excellent activity has been made in a good direction as well as 
more workable or effective materials need to be developed. The 
key drawback of the HER process via electrocatalysis is deterio-
ration of the catalysis during long term catalysis, owing to that 
more efficient and less corrosive catalyst need to be explored 
in near future. The corresponding HER mechanism of the 
2D materials are still not clear and need further investiga-
tion. From these points of view, research investigation on the 
2D materials at nanoscale level simplify the future industrial  
relevant applications.
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Table 2. Advantage and disadvantage of the different fabrication process.

Advantages and disadvantages of the different fabrication processes

Synthetic Strategy Advantages Disadvantages

Chemical Vapor Deposition • Heterostructure formation
• Interfacial engineering
• Efficient 2D nanostructures
• Highly selective

• Expensive Instruments
• High Temperature
• Limited synthesis
• Low yield

Hydro-Solvothermal Method • Controlled morphology
• Well dispersion rate
• Efficient and Selective
• Less expensive

• Complex reaction mechanism
• Template assisted method
• Time consuming

Solid State synthesis • Less expensive
• Simple and fast process
• High yield

• Low quality morphology
• Less purity
• Low catalytic activity

Hot injection strategy • Uniform morphology and Size
• Highly Crystalline
• Less time consuming

• Low yield
• Depletion of organic molecule on the materials surface

Colloidal synthesis • Quality of materials
• Wide scale size and morphology
• Wide scale materials

• Complex reaction procedure
• Using organic ligand
• Difficult to separate from catalytic system
• Low yield
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